Anaerobic digestion of swine manure is carried out by a consortium of microbial species, including volatile fatty acid (VFA) producers, VFA-degraders and methanogens. The distribution of five phylogenetic groups within a plug-flow-type anaerobic bioreactor consisting of eight seriallyconnected tanks was examined through the sequential digestion of swine manure. Quantification was carried out using reverse transcription real-time PCR (RT-Q-PCR) assays targeting the 16S rRNA of Clostridium (cluster XIVa), Peptostreptococcus, Syntrophomonas, Methanosaeta, and Methanosarcina spp. The VFA producers Peptostreptococcus spp. and Clostridium spp. were found predominantly in compartments where hydrolysis/acidogenesis took place. The spatial distribution of the aceticlastic methanogens, Methanosaeta and Methanosarcina, within the bioreactor was not correlated with methanogenic activity. In contrast the VFA-degrading genus Syntrophomonas spp. was more abundant in compartments with elevated methanogenic activity. Multivariate statistical analyses of the RT-Q-PCR data have provided new insights into our understanding of how the various trophic groups were distributed within this bioreactor system.
of degradation (Zoetmeyer et al. 1982) . In a plug-flow-type anaerobic bioreactor the hydrolysis/acidogenesis stage producing mainly volatile fatty acids (VFAs) is physically separated from the bulk of methanogenesis (Barber & Stuckey 1999; Angenent & Sung 2001; Roy et al. 2009 ). The configuration of plug-flow-type bioreactors allows the microbial community to develop under the most favourable conditions (Cohen et al. 1979 ) and provides a more stable operation, particularly under high organic loading rates (Angenent et al. 2002a) .
Various molecular tools are available to investigate the microbial community dynamics in anaerobic bioreactors, including 16S rRNA gene clone libraries (Cheon et al. 2007) and fingerprinting methods such as DGGE (Roest et al. 2005) , T-RFLP (Collins et al. 2003) , SSCP (Delbè s et al.
2000)
, and LH-PCR ). Each of these tools can help assess changes in the microbial community structure and correlate these changes with bioreactor performance (Dearman et al. 2006; Roy et al. 2009 ).
Quantitative real-time PCR (Q-PCR) has been used for the quantification of specific microbial groups (Yu et al. 2005; Kobayashi et al. 2009 ). However, reverse transcription Q-PCR (RT-Q-PCR) offers the advantage of greater sensitivity as it can be used to quantify rRNA molecules which have a higher abundance relative to the corresponding rRNA genes (Nicol et al. 2003) . Several studies have demonstrated more pronounced microbial community changes through rRNA-based fingerprint analysis than has been found using rDNA-based analysis (Delbè s et al. 2001; Lueders & Friedrich 2002; Eichler et al. 2006; Roy et al. 2009 ).
In this study, we developed five RT-Q-PCR assays to quantify the populations of five genera that represent some major trophic groups in anaerobic swine manure digestion:
Syntrophomonas spp. (butyrate degraders), Clostridium cluster XIVa (Collins et al. 1994 ; VFA producers), Peptostreptococcus spp. (VFA producers), Methanosarcina spp. (methane produced from acetate or H 2 þ CO 2 ), and Methanosaeta spp. (acetate degraders). These assays were used to evaluate the abundance and the spatial distribution of these various trophic groups in a compartmentalized anaerobic bioreactor ).
MATERIALS AND METHODS

Biogas reactor and microbial strains
An anaerobic bioreactor was operated semi-continuously at 258C, according to Roy et al. (2009) . The bioreactor was fed with swine manure at a rate of 1 to 2 g COD/L/day and a hydraulic retention time of 60 days. The bioreactor consisted of eight cylindrical compartments (30 L) connected in series (Figure 1 ), which allows separation of the hydrolysis/acidogenesis stage (in compartments 1 to 3) from the final methanogenesis stage (in compartments 5 to 8). Therefore the configuration of this bioreactor allows investigations on how the microbial groups are distributed according to the stage of anaerobic digestion. the feeding entry (1); manual pump (2); cylindrical compartments (3, PF01-PF08); sampling port (4); compartment-connecting pipe (5); gas outlet (6); gas meter (7) and effluent (8, PF09).
DSM15682, Syntrophomonas erecta DSM16215, and
Thermus aquaticus YT-1 ATCC 25104. Genomic DNA from Clostridium perfringens and Methanosarcina mazei were purchased from ATCC. Genomic DNA was extracted from the strains as reported in Talbot et al. (2009) to test the specificity.
RNA extraction
Samples were obtained following 6 months of bioreactor operation, a period during which effective separation of volatile fatty acid production from methane production had developed ). Samples of 50 ml were taken from compartments 1, 3, 5, and 8. Aliquots from each sample (1.0 ml) were immediately flash frozen in liquid nitrogen and stored at 2808C until analyzed.
Triplicate extractions of RNA were prepared from frozen samples as previously described (Griffiths et al. 2000) but with minor modifications ).
The samples were inoculated with 20 ml of T. aquaticus grown overnight in Thermus 162 media (DSMZ) which was used as the internal control. RNA was obtained after DNase treatment as described in Talbot et al. (2009) .
RNA was purified using RNeasy kit (Qiagen, Mississauga, ON, Canada) and eluted in 50 ml of autoclaved and filtered (0.2 mm) water. The absence of contaminating DNA was verified by PCR using universal 16S rRNA gene primers.
Reverse transcription real-time quantitative PCR
Reverse transcription cDNA synthesis was carried out in 50 ml total volume using Superscript II reverse transcriptase (Invitrogen Canada Inc., Burlington ON, Canada), 11 ml of extracted RNA, 40 U of RNasin (Promega Fisher Scientific Co., Ottawa, ON, Canada) and 1 ml of random hexamers (Applied Biosystems Canada, Streetville, ON, Canada) as described by the manufacturer. Quantitative real-time PCR assays were carried out in triplicate using the ABI7700 sequence detection system (Applied Biosystems Canada).
The 25 ml final volume reactions included: 5 ml of diluted cDNA, 12.5 ml of 2£ SYBR Green Master Mix (Applied Biosystems Canada), 300 nM each of reverse and forward primers (Table 1) , and 0.1 ml of AmpErase (Table 3) commonly found in bioreactors. The degree of nonspecificity was obtained by dividing the quantity of product obtained with the non-specific design (i.e. the tested primer set using genomic DNA from a given unrelated microbial strain) with the quantity of product obtained using the specific design (i.e. the primer set for this unrelated microbial strain). There was no amplification (i.e. C t was 40) using T. aquaticus primer set with samples that were not inoculated with T. aquaticus.
The RT-Q-PCR data were analyzed using multivariate statistics: nonmetric multidimensional scaling (NMS), multiresponse permutation procedure (MRPP) and indicator species analysis (ISA; Dufrê ne & Legendre 1997).
These analyses were carried out using Bray-Curtis distance measures and PC-ORD software (McCune & Mefford 1999) .
NMS was used to investigate the interrelationships between the RT-Q-PCR profiles of the five different trophic groups 
RESULTS AND DISCUSSION
RT-Q-PCR assays
Standard curves prepared from the 16S rRNA gene of each reference strain were linear over variable dynamic ranges Mbr. smithii ND 0
Msp. stadtmaniae ND 0 Quantity expressed as log ng. Quantity obtained using the specific assay in parenthesis. ND, not detected (negative). ‡ Non-specificity ¼ Percentage of non-specificity obtained from the ratio of non-specific and specific quantifications of the genomic DNA from a given strain. Std ¼ Standard amplicon from this strain. Ctrl þ ¼ positive control (members targeted by the given design).
( Table 2 ). The minimal numbers of gene copies detectable were 10 per reaction for Methanosarcina and Peptostreptococcus, 30 for Clostridium, Methanosaeta and T. aquaticus, and 4 £ 10 5 for Syntrophomonas spp. The maximal copy number per reaction was between 1 £ 10 6 and 3.8 £ 10 9 copies. The Syntrophomonas Q-PCR assay was not as sensitive as the other designs, but the dynamic range (C t values were between 11 and 27 vs. 3.8 £ 10 5 to 3.8 £ 10 9 copies per reaction) was broad enough to accurately quantify this group in our samples (C t values within the dynamic range). The correlation coefficient indicated a linear relationship between the threshold cycle (C t ) and the copy number and the PCR efficiency of amplification was acceptable (Zhang & Fang 2006) at 87 to 109%.
The primer set designs were effective for targeting specific genera, however the Syntrophomonas primer set also detected C. coccoides although at much lower level (at 0.3%; Table 3 ). However, since the distribution of the Syntrophomonas and C. coccoides spp. were different (Figure 2) , the non-specificity did not result in a significant over-estimation of Syntrophomonas in compartments 5 and 8.
Multivariate statistical analysis of RT-Q-PCR data
NMS of the Q-RT-PCR data (Figure 3) clearly shows that the RT-Q-PCR profiles obtained from microorganisms in compartments 1 and 3 were distinct from those in compartments 5 and 8. Furthermore, Peptostreptococcus spp., Methanosaeta spp. and Clostridium cluster XIVa were more abundant in compartments 1 and 3, whereas
Syntrophomonas spp. were more abundant in compartments 5 and 8. The bulk of methanogenic activity occurs in compartments 5 and 8 ).
The MRPP pairwise comparisons indicated that RT-Q-PCR profiles from microbial groups in the four compartments were distinct, with the exception of compartments 1 and 3 (P . 0.05; Table 4 ).
ISA (Table 5) confirmed that the Clostridium, Peptostreptococcus, and Methanosaeta were more abundant in compartments 1 and 3 where the hydrolysis/ acidogenesis stage was located ). In contrast, the Syntrophomonas were more abundant in compartments 5 and 8 where methanogenesis dominated ).
The Methanosarcina spp. were evenly distributed through compartments (P ¼ 0.1; Table 5 ).
All these statistical analyses supported the findings that Clostridium, Peptostreptococcus and Methanosaeta were more involved during the hydrolysis/acidogenesis stage whereas Syntrophomonas were more involved in methanogenesis. The greater abundance of rRNA molecules from This distribution suggests that other hydrogenotrophic methanogens were important in this bioreactor.
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